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Abstract 
When the high pressure gas is exhausted to atmosphere, the expanded supersonic jet is formed at a specific condition. In reality, the steam 
or moist air is usually used as working gas of supersonic moist air jet technologies. In these cases, non-equilibrium condensation may 
occur within the supersonic jet flow, and there are some researches on this phenomenon. On the other hand, in reality, there is a variety of 
engineering applications for discharge of the dry air into the atmosphere containing moist air or steam. In this case, non-equilibrium 
condensation may occur locally within the shear layer and affect the jet structure or energy loss in the flow field. However, the 
characteristics of non-equilibrium condensing flow in the jet shear layer are not investigated so far satisfactorily. The purpose of this 
study is to clarify the effect of local occurrence of non-equilibrium condensation in the shear layer on the characteristics of an under-
expanded supersonic jet numerically. As a result, it was found that non-equilibrium condensation in shear layer affected the jet 
entrainment effect. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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Nomenclature 
Cp specific heat ·K) 
D diameter of nozzle exit (m) 
Dm diameter of  Mach disk 
E, F numerical flux 
g condensate mass fraction 
H1 source term of turbulence 
H2 source term of axisymmetric 
J Jacobian 
k specific turbulence kinetic energy 
L distance from nozzle exit (m) 
Lm distance from nozzle exit to Mach disk 
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M Mach number 
p static pressure (Pa) 
Q source term of condensation 
R, S Source term of vicosity 
R radius of wall curvature (m) 
S initial degree of supersaturation 
U conservation mass term 
x, y Cartesian coordinate 
 
Greek symbols 
 pressure ratio p/p0 
 boundary layer thicknesses(m) 
molecular viscosity (Pa·s) 
density (kg/m3) 
shear stress (Pa) 
specific dissipation rate 
 
 
Subscripts 
0 stagnation point 
1 vapor 
2 dry air 
t turbulence 
1. Introduction  
When the high pressure gas is exhausted to atmosphere through the nozzle, the expanded supersonic jet is formed at a 
specific condition. The jet structure has been known as a fundamental phenomenon of the supersonic fluid mechanics. 
Supersonic jet has a great variety of engineering applications, such as supersonic aircrafts, jet propulsion thrust vectoring, 
fuel injectors for supersonic combustion, soot blower device, coating technology for structural materials and so on. Much 
effort has been devoted to study the characteristics of supersonic jets. According to these previous works, the supersonic jet 
is specified by its barrel shock structure, Mach disk location, jet boundary configuration, velocity decay, supersonic length 
and so on which are usually determined by the pressure ratio (Love, 1959, Mate, 2001). Especially, a lot of works have been 
done on the Mach disk structure, since it is important in determining the major characteristics of supersonic jets (Eastman, 
1963, Addy, 1981). 
In a variety of practical applications, the steam or moist air are usually used as working gas of supersonic moist air jet 
technologies such as power plants, industrial manufacturing processes and so on (Kim, 1996, Kim, 1996). In these cases, 
non-equilibrium condensation occurs within the supersonic jet flow, and there are some researches on this phenomenon. 
Karyshev, 1983 clarified that in order to estimate the rate of nucleation and condensate mass fraction in supersonic vapor jet, 
the latent heat of condensation has to be considered accurately. However, the structure of supersonic jet was not shown in 
this research. Recently, Beak et al., 2006 showed effects of relative humidity on under-expanded supersonic jet structures 
such as location and diameter of Mach disk and barrel shock wave experimentally. As a result, it was shown that the Mach 
disk diameter and location were strongly influenced by relative humidity of moist air. Otobe et al., 2006 investigated the 
effect of initial degrees of supersaturation on the characteristics of the axi-symmetric supersonic jet flow field numerically. 
As a result, it was found that the occurrence of the non-equilibrium condensation in the supersonic jet may reduce the noise 
level. Further, Otobe et al., 2009 investigated the hysteresis phenomenon of under-expanded dry and moist air jets, and it 
was clarified that the under-expanded moist air jet leads to less hysteresis of the jet compared with the dry air jets. In these 
researches, the non-equilibrium condensation occurred primarily within the supersonic jet flow. 
On the other hand, in reality, there is a variety of engineering applications for discharge of the dry air into the atmosphere 
containing moisture or steam. In these cases, non-equilibrium condensation may occur locally within the shear layer and 
affect the jet structure or energy loss in the flow field. However, the flow characteristics with non - equilibrium in the jet 
shear layer are not investigated so far satisfactorily.  
The purpose of this study is to clarify the effect of local occurrence of non-equilibrium condensation in the shear layer on 
the characteristics of an under-expanded supersonic jet numerically. 
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2. CFD Analysis  
Like conventional two-phase flow analysis, several of assumptions were made for the present computations. There is no 
velocity slip and no temperature difference between condensate particles and medium gas flows, and due to very small 
condensate particles the effect of the particles on pressure field can be neglected within accuracy of present computations. 
The governing equations, i.e., the unsteady two dimensional axisymmetric compressible Navier-Stokes equations 
combined with continuity, energy, nucleation rate, a droplet growth and diffusion equations (Bird et al., 1983, Hirschfelder, 
1954) were written in 
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In Eq.(1), U is conservative vector, E and F are inviscid flux vector and R and S are viscous flux vectors. H1, H2 and Q 
are the source terms corresponding to turbulence, axisymmetric and condensation, respectively. J is Jacobian. xx, xy, yx 
and yy are components of viscous shear stress. 
In Eq.(2),  
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The density of gas mixture is calculated by the sum of density of vapor ( 1) and dry air ( 2)
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The mass fraction can be given as 
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In equations (4) and (5) 1 and 2 are effective diffusivities. The closure coefficients are, 
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The governing equation systems that are non-dimensionalized with reference values at the reservoir condition were mapped 
from the physical plane into a computational plane of general transform. To close the governing equations, k-  model 
(Wilcox, 2008) was employed in computations. A third-order TVD finite difference scheme with MUSCL (Yee, 1989) was 
used to discretize the spatial derivatives, and second-order central difference scheme for the viscous term, and a second-
order fractional step method (Strang, 1976) was employed for time integration. 
3. Computational Conditions 
Figure 1 shows the schematics of computational domain of the flow field and boundary conditions. The height of nozzle 
exit D is 12.7 mm. The radius of curvature R is 12.7 mm. 
Table 1 shows the initial conditions used in the present simulation. Back pressure (stagnation pressure downstream of the 
nozzle) pb is 101.3 kPa. Total pressure of stagnation point upstream of the nozzle are 3.8pb (Cases 1 and 2) and 6.2pb (Cases 
3 and 4).  Total temperature of stagnation point upstream of the nozzle is 298 K. Dry air upstream of the nozzle was 
discharged to the atmosphere containing dry air or moist air downstream of the nozzle exit. Initial degrees of supersaturation 
at the stagnation point downstream of the nozzle are S0b=0.0 (Cases 1 and 3) and S0b=0.7 (Cases 2 and 4). 
The adiabatic no-slip wall condition was used on solid wall as boundary condition. The boundary conditions at inlet and 
exit were set at fixed condition and outflow condition, respectively. Condensate mass fraction g was set at g=0 on the solid 
wall. 
4. Result and discussions 
Figure 2 shows comparison of Mach disk diameter Dm and the distance Lm from nozzle exit to Mach disk between 
simulated and experimental results (Otobe, et al., 2006). As seen from this figure, the present simulations with the number of  
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grids of 266×81 and 286×91 for =3.8, and 286×91 and 306×101 for =6.2 are good agreement with experimental results. In 
this study, 266×81 for =3.8 and 286×91 for =6.2 were used in order to prevent the consumption of computation time. 
In order to show the validity of the simulation, some experiments were conducted. In experiments, total pressure and total 
temperature at stagnation point upstream of the nozzle are 101.3 kPa and 298 K, respectively. Initial degrees of 
supersaturation of stagnation point upstream of the nozzle are S0b=0.0 and S0b=0.7. The initial degree of supersaturation of 
back pressure downstream of the nozzle exit is S0b=0.0 (dry air). Figures 3(a), (b), (c) and (d) show comparison between the 
experimental and simulated results. For each figure, figures of the upper and lower sides are time-averaged contour maps of 
static pressure obtained by simulation and schlieren photographs in experiments, respectively. As seen from these figures, 
simulated results are good agreement with experimental ones. 
Figures 4(a), (b), (c) and (d) show time-averaged contour maps of Mach number (solid lines) and condensate mass 
fraction for Cases 1 to 4, respectively.  For =3.8 (Figs. 4(a) and 4(b)), regular reflection is observed in the flow field. In the 
case of =6.2(Figs. 4(c) and 3(d)), Mach reflection is observed. In cases of Figs. 4(b) and 4(d), condensate droplets expand 
over shear layer. As seen from these figure, values of condensate mass fraction for Fig. 4(d) ( =6.2) is larger than Fig. 4(b) 
( =3.8). 
Figures 5(a) and (b) show time-averaged contour maps of static pressure (solid line), nucleation rate (red) and stream line 
(line with arrow). As seen from these figures, stream line of the flow is toward the jet. As is evident from these figures, the 
presence of condensate nuclei in the shear layer is confirmed and they are generated from x/D=0.5 for =3.8 and x/D=0.1 for 
=6.2.  
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Fig. 2. Comparison between experimental and simulated results. 
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Fig. 1. Computational domain and boundary conditions 
Table 1. Initial conditions 
Case 1
S0b
Case 2
Case 3
0
298
Case 4
3.8
6.2
0.7
0
0.7
T0[K]p0
101.3
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Figures 6(a) and (b) show distributions of mass fluxes along the vertical lines at x/D=1.0, 2.0 and 3.0 for all cases. The 
abscissa is the mass fluxes u/ 0a0 and the ordinate is distance from nozzle axis y/D. As seen from these figure, the mass 
fluxes for Cases 2 and 4 are large in subsonic region and small in supersonic region of shear layer in comparison with Cases 
1 and 3. This is due to release of latent heat by occurrence of non-equilibrium condensation in shear layer. Difference of 
mass flux becomes large with an increase of distance from nozzle exit. 
Figures 7(a) and (b) show time-averaged distributions of the mass flow rate in the jet region for all cases. The abscissa is 
distance x/D from nozzle exit, and the mass flow rate uA which normalized by the mass flow rate at nozzle exit ( uA)exit is 
on the ordinate. As is evident from these figures, mass flow rate of Case 2 increases compared with that of Case 1. However, 
for Case 4, mass flow rate decreases in comparison with that of Case 3. This means that non - equilibrium condensation in 
the shear layer induces the change of jet entrainment effect.  
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Fig. 3. Comparison between experimental and simulated results. 
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Fig. 4. Time-averaged contour maps of Mach number M (solid line) and condensate mass fraction g (color) 
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(a) Case 2 ( = 3.8)
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Fig. 5. Time-averaged contour maps of Static pressure p/p0 (solid line), nucleation rate I (red) and stream line (line with arrow). 
0 0.2 0.4 0.6
0
0.5
1
: Case 1 (S0b=0)
: Case 2 (S0b=0.8)
u a0
y/
D x/D=1.0
u a0
y/
D x/D=2.0
0 0.2 0.4 0.6
0
0.5
1
0 0.2 0.4 0.6
0
0.5
1
u a0
y/
D x/D=3.0
Nozzle upper wall
Nozzle upper wall
Nozzle upper wall
(a)  = 3.8
Sonic line
Sonic line
Sonic line
u a0
y/
D x/D=1.0
0 0.2 0.4 0.6
0
0.5
1
0 0.2 0.4 0.6
0
0.5
1
u a0
y/
D x/D=2.0
0 0.2 0.4 0.6
0
0.5
1
u a0
y/
D x/D=3.0
: Case 3 (S0b=0)
: Case 4 (S0b=0.8)
Nozzle upper wall
Nozzle upper wall
Nozzle upper wall
(b)  = 6.2
Sonic line
Sonic line
Sonic line
 
Fig. 6. Time-averaged distributions of mass fluxes u/ 0a0 
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Fig. 7. Time-averaged distributions of mass flow rate uA/( uA)exit 
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5. Conclusions 
A numerical study has been made to investigate the effect of non-equilibrium condensation occurred in the shear layer on 
characteristics of an under-expanded supersonic jet. The results obtained are summarized as follows: 
(1) Simulated results were a good agreement with experimental data. 
(2) In the case of dry air discharged to an atmosphere with moisture, non-equilibrium condensation occurred in shear 
layer of supersonic jet. 
(3) In the case of dry air discharged to an atmosphere with moisture, mass fluxes decreased with an increase of 
distance from nozzle exit. 
(4) Non-equilibrium condensation occurred in shear layer affected jet entrainment. 
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